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Abstract 
In earlier work it has been shown that a nonlinear observer based on the 
use of the manifold pressure state equation and a nonlinear fuel film 
compensator can maintain accurate NF ratio control during both steady 
state and transient operation. This observer might be called a MAP 
(manifold absolute pressure) observer because it is fundamentally 
dcpendcnt on the use of the manifold pressure state equation and a MAP 
sensor. It is in reality a constant gain extended Kalman filter (CGEKF). 
While this observer shows promise for some applications, it obviously 
cannot immediately be used with other air mass flow sensors than a MAP 
sensor. In this paper it is shown that it is possible to construct a family 
of alternative nonlinear observers which "naturally" allow the use of  any 
given air mass flow related sensor or a combination of them for NF ratio 
control. This new family of observers provides the SI engine control 
system designer with a variety of robust control systems which can easily 
be made redundant in order to satisfy newcr cngine emissions and 
diagnosis requirements and legislation. 
1. Introduction 
The control of the aidfuel (NF)  ratio of spark ignition (SI) engines is 
not a trivial control problem as it involves the coordinated measurement 
(or estimation) of the air flow and the control of the €uel flow in order to 
maintain il fixed NF ratio. This is necessary for modern engines using 
three way catalysts (TWC) in order to minimize emissions. The accuracy 
required is on the order of +/- 0.5 A/F ratio (or about +/- 3.5% with 
respect to stoichiometric operation, lambda = 1). When using 
conventional engine AIF ratio control systems, this is an especially 
difficult task during fast throttle angle and load transients [l], 
There are three main reasons why this problem is so difficult to solve: 
I. manifold filling can give rise to a large spike in the air flow to the 
engine during throttle opening, 2. there is a large amount of noise in the 
air mass flow related (AMFR) sensor signals due to engine pumping [2] 
and 3. fuel must be injected into the intake manifold with the proper time 
response so as to avoid the effects of manifold fuel wetting [3]. Such 
AMFR sensors might be a manifold absolute pressure sensor (MAP) or a 
throttle mass air flow sensor (MAF). A conventional throttle air mass 
flow sensor will be called a MAFt sensor in what follows to avoid 
confusion. This paper will be mostly concerned with the solution of 
problems I .  and 2. as a practically applicable solution to 3.  has been 
found [ 3 ] .  
In conjunction with properly designed fuel film compensators, more 
advanced nonlinear observer based control systems have much better 
performance than conventional control systems but currently require a 
certain selection of air mass flow related engine sensors. For example the 
MAP CGEKF observer in [3] requires a MAP sensor and the feedforward 
MAF observer in [4] entails the use of a hot wire MAFt sensnr The 
general problem of using any given sensor or a combination of them in an 
observer based A/F ratio control has yet to be attacked. Moreover the use 
of engine port air mass flow sensors has not been considered even though 
such sensors may soon be available [SI. Redundant sensor compliments 
are attractive as they have built in robustness properties and make possible 
necessary diagnostic functions. Such control systems have yet to be 
presented in the literature. 
This papel is concerned with the derivation and testing of a new set of 
SI engine observers which are model based and which are applicable to 
any or all of the currently or possibly available engine air mass flow 
related (AMFR) sensors. These observers are "natural" in the same sense 
as the MAP observer in [3], i. e., the observed variable is the same as the 
independent estimated variable in the observer state equation and they are 
emerge from basic physical theory. Moreover it is shown that these 
observers have good noise rejection properties and give accurate NF ratio 
control, both in the steady state and for fast transients. Only systems with 
a mechanical connection between the throttle plate and the accelerator 
pedal are considered here: these are the most common systems currently 
in use and are currently the least expensive. 
11. The Revised Mean Value Engine Model 
Recently an improved version of the Mean Value Engine Model 
(MVGM) prcscntcd earlicr [6] has been rcported in the literature [7]. This 
model is physically bawd and ha$ been shown to he valid both for steady 
state and fast transient engine operation. The main difference between the 
revised model and the earlier one is that the revised model is more 
physical and contains fewer fining parameters. It is also easy to fit it to 
other engines without the use of more than a few measurement points. 
This is in contrast to many well known regression equation dynamic 
engine models which require a complete engine mapping and have a very 
large number of fitting parameters [8], [9], [lo]. 
The main dynamic equation of the revised MVEM with respect to A/F 
ratio control is the manifold pressure state equation 
(1) 
where p; and Ti are the intake manifold absolute pressure (MAP) and 
temperature respectively, R is the gas constant, the quantities in the 
parenthesis are the port and throttle plate air mass flows rcspectively while 
a is the throttle angle and n the crank shaft speed. 
The port air mass flow is a weak function of the crank shaft speed and 
a strong function of the intake manifold pressure (i, e., my,, = m.,(n,p,)) 
and the air mass flow past the throttle plate is a runction of the throttlc 
angle and the intake manifold pressnre (i e ,  mu, = m,,(rxp,)) These 
functions are algebraic functions because the equilibrium of the air mass 
flow is established rapidly (within a few milliseconds) and this time is 
much less than the time scale on which the crank shaft speed can change 
(a few seconds) or the minimum operator throttle reaction time (about a 
tenth of a second) [6]. 
The port air mass flow is given by the speed-density equation 
where s, and yi are weak functions of n. The quantity in the large 
parenthesis on the right is proportional to the air charge per stroke. The 
validity of equation (2) is established in [7] for 5 different engines. For 
use in an observer, s, e= 0.95 and y, e -0.08 are effectively constants. Both 
of these fitting constants and the form of equation (2) can be derived from 
physical considerations of the pumping cycle of an SI engine [7]. 
A physical model for the air mass flow past the throttle plate can be 
found by considcring thc dominant and subordinate flow paths through it. 
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The dominant flow path is that past the down stream edge of the throttle 
plate and the subordinate path is past its up stream edge. The total flow 
is of course the sum of that through the dominant and subordinate flow 
paths. Because of the very rapid flow through the dominant flow path, the 
pressure difference across the two flow paths is slightly different. 
Assuming isentropic flow through the two flow paths and no pressure 
recovery, a physical expression for the flow through the throttle plate can 
be found. In [7] it is shown that this expression agrees very accurately 
with careful measurements which have been made on a model throttle 
plate and with data on two experimental engines. Engine pumping 
fluctuations do not make any great difference to the overall flow picture 
and thus a physical expression for the air mass flow through the throttle 
plate has been found and verified. While this expression is accurate, it has 
an inconvenient and complicated form. 
In order to find a simple and compact equation for the air mass flow past 
the throttle plate, a fit has been made to the physical model. This fit is as 
follows: 
P,(a) = 1 - a,cos(a) + a2cosz(a) 
L Jpp'-pP, if p. 2 p, 
(3) 
P2(P3 = 
1, if P, c. P, 
where p, = pj/p, pa is the pressure just in front of the throttle plate and pc 
is the critical pressure ratio. Notice that pn is only a normalization 
constant which gives p2 a value of 1 at low manifold pressures. This is 
convenient for modelling purposes. The following constants have been 
found to fit a model throttle plate, a modem 4 valve per cylinder, four 
cylinder, and an older, 2 valve per cylinder, 4 cylinder engine: a,: 1.4073, 
a2: 0.4087, pI: 0,4404, p2: 2.3143, pn: 0.7404 and p.: 0.4125. It is thus 
thought that the expression above will be generally applicable to a number 
of SI engines. It should be noted in equation (3) that the critical pressure 
ratio is 0.4125 instead of the usual 0.528. The reason for this is the two 
flow path model for the throttle plate air mass flow [7]. Note that in a 
real engine, pr is always less than one due to pressure losses in the air 
filter and associated ducting and possibly an air flow sensor. 
The overall throttle air mass flow in the modified MVEM is given by the 
equation 
(4) 
where mpTa = mat, (p,h/T,) and the fitting constant is m,,,. In equation (4) 
the pressure and temperature of the ambient air have been taken into 
account explicitly. 
Apart from simplifying the model calibration procedure, the main 
influence of the model revisions is to increase its accuracy in the low and 
medium power ranges. The standard deviation of the model error is less 
than 2% from the idle speed region to wide open throttle (WOT) operating 
conditions. This accuracy is achieved both for steady state and for 
transient operation during fully warm operation. This accuracy is 
sufficient for closed loop observer applications and may be improved by 
taking into account the n dependence in equation (2) if desired [7]. 
111. Derivation of the Nonlinear Observer Equations 
The purpose of the observer in aidfuel control is as a smoother and 
predictor for the air mass flow. In a throttle body injection system the 
throttle air mass flow has to be estimated while in a multipoint injection 
system the port air mass flow is the variable which must be found. Such 
smoothing or estimation is necessary because of the large event periodic 
pumping fluctuations which are a part of the induction process [2], the 
time constants of the sensor(s) and modelling error. Apart from these 
problems, the observer also has the purpose of compensating for the 
thermal perturbations which must come because of backflow and the 
variability of combustion. 
Observers may be of two types: open loop (or feedforward) ([I I], [12], 
[13]) and closed loop. Closed loop here implies direct use of the 
difference between the estimate(@ and measurement@) (or innovations) in 
the observer equation(s) [3]. Clearly the closed loop observer is to be 
preferred as it gives a direct compensation for modelling error, thermal 
perturbations and a direct smoothing of the pumping noise. Moreover it 
is easy to construct and straight forward to analyze. For these reasons 
only closed loop observers are to be considered in this paper. Also only 
estimators for the air mass flow related (AMFR) sensors are to be treated. 
In general for automotive applications control systems are for reasons of 
cost most often based on the use of only a one air mass flow related 
sensor at a time. This fact of life and the fact that the manifold pressure 
state equation is the only differential equation which is known to describe 
the air mass flow into an engine has limited the closed loop observers 
which can be built for AIF ratio control to a MAP observer of the type 
derived in [3]. This "natural" observer uses a MAP sensor and an 
observer equation based on the manifold pressure state equation 
where equation (1) has been used, the hats denote estimates, the "m" 
subscript denotes the measurement and k,, is the Kalman gain. The 
throttle angle, a, and the crank shaft speed, n, are actually inputs to the 
observer but of course in a real system would be measured using the 
relevant sensors. This observer is "natural" in the sense that the estimated 
manifold pressure is thc same as the variable being measured. As 
documented experimentally in [3] this observer works quite well as an air 
mass flow estimator. 
The air mass flow which must be estimated is that at the injector(s) 
location. Given the manifold pressure estimate from equation (9, the 
estimated air mass flow is given by equation (2) for a port injected engine 
and by equation (4) for a throttle body injected engine. These estimated 
air mass flows are used in the basic engine fueling 
calculation: m, = IfiaX/()LdrsL,J where x = p or f hk, is the desired 
lambda value (usually 1) and Lh is the stoichiometric normalization factor, 
14.7. Given this desired fuel flow at the engine intake port, the fueling 
dynamics in the intake manifold must be compensated for in order to 
insure that the mixture is correct when it reaches the intake port. This can 
be accomplished by using a nonlinear transient film fuel compensator 
(NTFC) on the basic calculated fuel flow as reported in [3]. 
In order to construct "natural" observers for the throttle plate and port air 
mass flows it is first necessary to derive differential equations for these 
variables. If only one of the AMFR sensors is to be used at a time, these 
differential equations must involve only the measured variable and the 
state variable. If different combinations of Ah4FR sensors are used then 
the presence of more than one AMFR variable should be allowed in the 
observer equations 
3.1 Throttle Air Mass Flow Differential Equation 
The most common throttle air mass flow sensors currently in use are hot 
wire sensors. Such sensors have response times and nonlinearities which 
must be taken into account in an observer design ([2], [3], [l 11) but will 
be ignored here for the sake of simplicity. In the experimental portion of 
this work a very fast, linear, and accurate laminar flow meter will be used 
for this sensor to avoid the complications introduced by imperfect sensors. 
For the sake of brevity a throttle air mass flow sensor will be called a 
h4AFt (Mass Air Flow, throttle) sensor in what follows. 
In order to derive a differential equation for the throttle air mass flow it 
is convenient to use equation (4) above. This equation gives the steady 
state solution for the required state variable. A differential equation for 
this variable can be found simply by differentiating equation (4) and 
remembering that the crank shaft speed derivative can be neglected (as the 
crank shaft speed changes relatively slowly). Symbolically the result of 
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for p, > p. where the substitutions pi = (m,Jm., p,(a)) and p, = pjp, 
have been used and where the primes in the first equation indicate partial 
derivatives with respect to the arguments in the parenthesis. Pa. = p1'p2, 
Pp. = PIPz' and mrv, = RT,/(P, VJ. 
When p, < p, then equation (6b) above becomes 
the "beta" functions on the right in the last two equations above are clearly 
simple functions of a and the air mass flow past the throttle plate. If only 
throttle angle, MAFt, crank shaft speed, ambient pressure and ambient 
temperature sensors are used then equations (6b) and (6c) above are the 
desired differential equation. 
While equations (6a), (6b) and (6c) above seem to be complex, they are 
in reality easily represented in simple tables (or products of tables), some 
of which are the same. Moreover these tables may be generated from the 
algebraic expression in equations (2) and (3) or their derivatives. If higher 
accuracy is desired, they may be generated by direct engine mapping 
though this is not thought to be necessary for most applications. 
In order to test the differential equation above, a number of experiments 
were conducted on a throttle body injected (TBI or CFI) 1275 cc British 
Leyland engine mounted on a dynamometer. This is a 4 cylinder engine 
with two valves per cylinder and two Siamesed intake ports. The throttle 
body air mass flow was measured with a laminar flow meter mounted 
directly in front of the engine air filter. Tests were conducted over the 
entire operating range of the engine from idle speed to WOT. Using small 
and large signal step testing around many operating points, as in [7], it 
was shown that the differential equation is accurate both for the steady 
state and during the rapid throttle movements. The overall accuracy 
displayed was a little worse than that of the basic model, on the order of 
+/- 3 % (standard deviation of the relative prediction error) over the given 
operating range. 
3.2 Port Air Mass Flow Differential Equation 
In order to find the differential equation for a port air mass flow sensor, 
one can proceed by differentiating equation (2), again remembering that 
the crank shaft speed derivative can be neglected. The result is 
V, d map = --(sipi + y i ) n  
120RTi dt 
where = s,V,n/(l20 V,) and the substitution p, = 
(1/s,)(m,,(l20RT,/(Vdn)) - y,) has been used. The last differential equation 
can be used to predict the port air mass flow if throttle angle, port air 
mass flow (MAFp), crank shaft speed, and ambient pressure and 
temperature sensors are used. Otherwise a MAP sensor will also be 
required. As earlier, while the algebraic functions necessary to solve the 
differential equation above are apparently complex, they are easy to 
generate with an accuracy sufficient for observer construction purposes. 
Testing of the port flow differential equation was conducted with a 
newly developed type of port flow sensor. Such a sensor is of course 
desirable because it is capable of measuring the air mass flow at the 
desired injection location. Without going into too much detail, this sensor 
has a response time of about 1 millisecond, is bi-directional and can be 
linearized with good accuracy. For convenience this sensor is called a 
MAFp sensor in this paper. Two such sensors were calibrated against 
each other and against an accurate laminar flow meter on an experimental 
engine. These sensors were then used to check the model predictions of 
equation (7). The experimental setup was as described above except that 
1275 cc British Leyland was in this case provided with a specially 
designed port injection manifold with Siamesed intake ports. Four 
injectors are used, one for each engine intake valve. The two MAFp 
sensors (which are quite small) were inserted just upstream of the port 
injectors in the two intake runners and their outputs added to find the total 
port air mass flow. Again, the basic accuracy of the dynamic model is of 
the same order as that exhibited by the throttle air mass flow differential 
equation: the standard deviation of the relative error is below 3 % over the 
operating range of the engine. 
3.3 Observer Configuration and Sensor Selection 
The actual configuration of the observers which can be constructed on 
the basis of the differential equations above is dependent on the sensor 
selection. Sensors for the throttle angle and crank shalt speed are 
obviously necessary in any case as well as the ambient and intake 
manifold temperatures. Apart from these "input" variables the state 
variable (or variables) which is (are) to be estimated in an observer should 
correspond to the air mass flow related sensor(s) which is (are) used. This 
means that the following AMFR sensor types lead to the following 
observer configurations: 
a. MAP sensor: equation ( 5 )  (Sa) 
where k,,, ka4, and k,, are the kalman gains. 
In addition to these single equation observer types, it is straight forward 
to construct observer configurations which include doubly redundant 
AMFR sensor complements: 
d. MAP and MAFt sensors: - -  
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e. MAP and MAFp sensors: 
f. MAFt and MAFp sensors: 
where K,,, K,, and K,, are 2 x 2 Kalman gain matrices. 
observer equations using all three sensors: 
Finally it is clear that it is possible to construct a triply redundant set of 
g. MAP, MAFt and MAFp sensors: 
where K,,, is a 3 x 3 Kalman gain matrix. 
While it is quite possible to construct the observers above with the given 
sensors, which observer is to be used depends also on the injector 
configuration. This is of course because the purpose of the observer is to 
estimate the air mass flow at the injector(s) location(s). Given the correct 
estimate, the desired fuel for the engine is m, = IRJ(kdeSL,,,) , where 
x = p or t for port or throttle body injection. In order to insure that this 
fuel is available at the intake port, a NTFC filter must be used. Also if 
the air mass flow is estimated at a different location than that at which a 
measurement is made, then it may be necessary to insert a time delay 
corresponding to the air mass flow transport time [l]. For example, ifthe 
air mass flow is measured in front of the throttle plate and a port injection 
system is used, then the injection signal has to be delayed a time 
corresponding to the air transport time from the MAFt sensor to the port 
injectors. 
It should be noted that the multiple sensor observers above are naturally 
redundant and the failure of a single sensor will not lead to engine control 
system malfunction. Moreover sensor measurements can be checked 
against each other and an exhaust lambda sensor for diagnostic purposes. 
3.4 Observer Gain Selection and Realization 
In order for the observers above to be used in a real time system it is 
necessary to choose the proper observer gain(s) and to integrate the 
observer differential equations in real time. Both of these problems have 
been treated before in [I41 for an observer like those described above. 
The gains are selected in order to satisfy the nondivergence criteria given 
in [15]. In order to use this criteria, the noise properties of the system 
have to be known which have been treated in [2] and [3]. It must be 
taken into account that the noise waveform is sinusoidal and that there is 
strong correlation between the different AMFR sensor states. When 
designed according to these details, the observer has significant robustness 
properties. 
The integration of the observer equations can be accomplished using a 
specially designed three stage, first order, explicit Runge-Kutta numerical 
integration method (NIM) [14]. While more complex than a more 
common integration method this NIM has an extended stability region 
which allows a larger sampling period than would ordinarily be the case. 
This is necessary because the smallest effective time constant can be 
below 0.4 msec. 
3.5 Compensation for the Fuel Film Dynamics 
In order to compensate for the fueling dynamics, the following first order, 
nonlinear compensator was used (which is derived in [3]): 
1 
1 - x  mfi = -(m, - m,) 
where the fuel film flow, ml,., is obtained from solving 
Using the step fuel identification technique detailed in [3] it was found 
that "tau" parameter is about 0.6 sec and 0.25 sec for the CFI and MPI 
manifolds respectively. In the same way the "X" parameter was found to 
be a function of operating poinc i. e., X = X(n,p,). It was realized as a 
two dimensional (6 x 6)  table for the work here. X was of course 
different for the CFI and MPI manifolds. The compensation obtained in 
this way for the fueling dynamics was quite acceptable for the purposes 
of testing the observers but further accuracy could be obtained by using 
a higher order compensator and/or more elaborate identification 
techniques. 
IV. Experimental Results 
In order to test the observers above, experiments were conducted the 
1275 cc British Leyland engine mentioned above. Both CFI and MPI 
injection manifolds were available for this engine. Apart from the relevant 
temperature sensors, this engine was equipped with throttle position 
sensor, crank shaft speed and MAP, MAFt and MAFp sensors for both the 
CFI and MPI manifolds. Relevant temperatures were also measured. 
The signals for the two MAFp sensors in the MPI manifold were added 
together electronically to obtain the total port air mass flow to the engine 
because of the Siamesed intake ports. 
To realize the observer control a 486 PC Engine Control Development 
System (ECDS) built at DTU was available. This system is a further 
development of an earlier ECDS described in the literature [16]. This 
system makes measurements via an A D  card in the expansion slot of the 
PC and control is possible via a D/A card in the same machine. The 
observers were realized in a specially developed multi-tasking system and 
were programmed in Pascal. The nonlinear compensator mentioned above 
was programmed into the ECDS system together with the observers to be 
tested. The ECDS system is very fast and allows a sampling time of 
down to 0.5 msec when running the observer(s), the compensator and 
controlling the engine fuel and spark. Sampling times used in the testing 
varied between 1 and 4 msec, depending upon whether or not the port air 
mass flow sensors were used. 
To test the observers' control capabilities, fast throttle angle transients 
were applied to the engine under various loading conditions. The object 
of the tests was to show that the observer control can make possible 
accurate control of the A/F ratio during transients and also in steady state. 
The target control interval for lambda was 1 +/- 3.5% corresponding to an 
AiF ratio (AFR) of 14.7 +/- !h AFR, which is generally that considered 
necessary. It is clear that both the air and fueling calculations as well as 
the NTFC must be accurate in order to achieve good overall AFR control. 
Notice that most of the important engine variables are plotted on the 
following figures so that the level of excitation can be judged. The 
parallel lines on the lambda plot (the last one in each series) represent the 
+/- !h and +/- 1 AFR control limits. Where relevant, the measured 
variables are shown shaded (or rastered) to distiguish them from the 
estimated variables in black. Space limitations prevent the presentation 
of results for all of the injector/observer configurations outlined above. 
For this reason only results for two combinations will be treated. 
Figure 1 shows the preformance of MAP/MAFt observer with a CFI 
injection manifold. Good AFR control accuracy (+/- % AFR) is 
demonstrated over a large operating range in spite of large throttle angle 
and engine speed transients. It is also capable of handling large tip-in/- 
out/-in transients as well as large levels of pumping fluctuations. 
Manifold filling spikes are apparent in the initial peaks in the throttle air 
mass flow. 
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Figure 1. AFR control accuracy of the MAPh4AFt observer (CFI engine). Figure 2. AFR control accuracy MAP/MAFp observer (MPI engine). 
Figure 2 shows the performance ot the MAP/MAFp observer with the the manifold wetting is less serious because it takes place over a smaller 
MPI manifold for a throttle angle input close to that of the previous figure area at a more uniform temperature. Thus the AFR control performance 
at approximately the same operating point. Because of the large level of is somewhat better than in figure 1: lambda = 1 +/- 2.5 % accuracy is 
the fluctuations in the port air mass flow, the measured map signal is not apparent. 
shown directly: only its event average (shaded). It is seen to agree closely While it cannot be shown here, experimental tests show that the single 
with the observer estimate. Because the direct h4AFp sensor and multiple observer equations given in this paper work more or less 
measurement, a more accurate estimate of the port air mass flow is equally well, independent of which is selected, given the availability of a 
possible and there is no manifold filling to be compensated for. Moreover suitably accurate sensor. This is of course to be expected as good AFR 
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control accuracy has been demonstrated with a single sensor [3]. Multiple 
equation observers contain redundant air flow information. 
The figures above show that the basic concept of the "natural" family of 
air mass flow estimators derived in this paper is valid over a large engine 
operating range, Obviously a great deal of experimentation will be 
necessary in order to show which of the members of the family are the 
most advantageous for practical applications given the performance/cost 
and emission limit tradeoffs which must be satisfied in the future. 
4.1 Discussion 
For a throttle angle input similar to that used in this work, a 
conventional AFR control system has transient peaks which are typically 
on the order of +/- 2 to 3 AFR. A recently presented sliding mode 
controller shows peak variations of +/- % AFR but with a throttle angle 
input about 5 times smaller than that used here (10 degree square waves) 
[17]. Using a neural network in the NTFC and an open loop observer, the 
authors in [lS] have recently demonstrated a control accuracy of +/- 1 
AFR for a throttle angle input like that used here. A lambda control loop 
is also used in this work. Somewhat more accurate control is possible 
using a drive-by-wire throttle control and a fairly elaborate observer (4 
states), +/- 0.3 AFR units, as demonstrated in [19]. This system is 
constructed so that the throttle does not move during the time that air flow 
related measurements are made. It also uses an adaptive loop to "tune" 
the observer on line and in this way an AMFR sensor is not necessary. 
Thus the AFR control performance achieved here is on the same level 
or is better than that which is possible with other observer based systems 
reported in the literature but it has built in reliability in the form of sensor 
redundance. Better performance is possible using an external lambda 
control loop with or without an exhaust lambda observer as in [19]. 
V. Conclusions 
A family of alternative "natural" nonlinear observers has been derived 
for on-line air mass flow estimation. This family is "natural" in two 
senses: I .  the observer equations emerge naturally from the physical model 
of the system, 2. the observer form found is conventional so that the error 
term works directly on the state estimate to correct for estimation error. 
Accurate A/F ratio control has been demonstrated experimentally for a 
number of the members of this observer family using both CFI and MPI 
manifolds. Because these observers operate with a closed loop, they are 
much less susceptable to modelling error than the open loop (or 
feedfonvard) observers which may be found in the literature. Moreover 
they are naturally redundant and thus failure of one sensor will not entail 
complete engine control system failure or even a performance degradation. 
A new type of sensor, a port air mass flow sensor, has been 
demonstrated to give more accurate A/F ratio control than is possible with 
conventional MAFt sensors. It is thought that this sensor will become 
more attractive as legislation pushes forward the emission limits of SI 
engines. 
VI. Nomenclature 
The following symbols are used in this paper: 
t 
8 
n 
M 
time (sec) 
crank angle (degrees) 
throttle plate angle (degrees) 
engine speed (rpm/1000 or krpm) 
pressure in front of throttle plate (bar) 
temperature in front of throttle plate (Kelvin) 
absolute manifold pressure (bar) 
intake manifold temperature (degrees Kelvin) 
air mass flow past throttle plate (kg/sec) 
air mass flow into intake port (kg/sec) 
injected fuel mass flow (kg/sec) 
injected fuel mass flow (precompensator) (kg/sec) 
fuel film mass flow (kglsec) 
proportion of fuel deposited on intake manifold 
fueling time constant (sec) 
normalized aidfuel mass ratio 
measured value of the variable x 
hats denote state estimates 
volumetric efficiency based on manifold conditions 
engine displacement (liters) 
manifold + port passage volume (m') 
gas constant (here 287 X 1 0-5) 
stoichiometric air/fuel ratio (14.67) 
engine load torque (") 
Nonlinear Transient Fuel film Compensator 
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